Determining the physical and mechanical behavior of sedimentary rocks is one of the most common challenges in deep rock
Introduction
Currently, humans have been able to exploit solid mineral resources at depths to around 4 km, and drilling has reached strata of more than 10 km [1] [2] . Generally, deep rocks are in a high temperature environment, which may affect their physical and mechanical properties. Deep rock mass engineering, such as underground coal gasification (UCG), geothermal energy exploitation, underground nuclear waste storage and rock mass support of tunnels after fire, all involve high temperature rocks. The temperature ranges from normal temperatures (10-50°C) to extreme temperatures (1000-1500 °C) in these rocks [3] . Consequently, research related to the physical and mechanical properties of rocks in high temperature environments has broad engineering significance and need to be studied in detail.
Mudstone is a typical sedimentary rock that is widespread in the crust. During the last few years, some investigations have been conducted in this field. Due to its weak lithological characteristics and tendency to soften when water is encountered, mudstone is always a focus of attention in deep rock engineering. It is widely believed that the thermal expansion and thermal cracking are dominant factors for the effect of temperature on rocks [4] [5] . However, the physical and mechanical properties of coal measure mudstone at different temperatures are very complicated, involving the effects of water, organic matter and clay minerals. Liu et al. conducted an experimental study of mudstone, from a coal mine in China, at temperatures ranging from 25℃ to 800℃ [6] . They found that the strength and elastic modulus of mudstone have an obviously increasing trend from 25℃ to 400℃, and then decrease rapidly when the temperature reaches 600℃, and have a little change or decrease from 600℃ to 800℃. Zhang et al. also studied the subject, and the results are similar to those in paper [6] [7] . These studies demonstrate that evaporation, thermally-induced softening and thermal cracking are the main factors relevant to mechanical property variation at high temperature and brittleness is the main failure pattern below 600℃. Different from that at high temperature, the strength and elastic modulus of a kind of mudstone were found to decrease with increasing temperature from 25℃ to 55℃ [8] . In regard to the failure mechanism of mudstone at high temperature, Zhang et al. found that the overall structure undergoes a phase change around 600℃, leading to a sudden change in the mechanical properties of this mudstone [9] . At 600℃, the crystalline state degrades and kaolinite disappears. However, some illites are found, indicating chemical reaction of the structure and correlating with the sudden drop of bearing capacity of the mudstone. Liu et al. investigated the mechanical behavior of an Australian mudstone subjected to temperatures up to 900 °C [10] . They showed that the uniaxial compressive strength (UCS) changes non-monotonically with temperature. This can be explained by two dominant mechanisms: differential thermal expansion of the constituent minerals and thermal reactions of muscovite and kaolinite over the temperature range of interest. However, as the geological environment of the mudstone formation is complicated, there are great differences in the mineralogy and grain structures in different mudstones, especially the clay minerals. Temperature has a large influence on clay minerals [11] [12] . Therefore, the effect of temperature on the physical and mechanical properties of coal measure mudstone could also differ substantially.
Mudstone specimens were sampled from coal measure strata to study the temperature effect on physical and mechanical behavior. Uniaxial compression system was selected to test the mechanical properties of these samples at different temperatures (25°, 200°C, 400°C, 500°C, 600°C, and 800°C). This loading was carried out in a custom resistance furnace. After UCS tests, SEM was used to observe the internal structure of the failed samples. X-ray diffraction analysis was also performed to measure the mineralogical composition after heating. It was expected that this research program would provide useful data relevant to the physical and mechanical behavior of coal measure sedimentary rock.
Materials and Methodologies

Sample preparation
The mudstone samples were all from the Baoli coal mine. This is an open pit mine located in Inner Mongolia, China. The mineralogy of the mudstone included quartz and clay minerals, with some organic matter. Twenty cylindrical samples, 50 mm in diameter and 100 mm long, were obtained. The ends of the cylinders were ground to ensure flatness and perpendicularity to the axis. These samples were all prepared following ISRM Suggested Methods. Before testing, the samples were placed in a drying oven at 105℃ for at least 24 hours to remove all moisture content. Then, they were cooled slowly to room temperature in the oven. In general, 3 samples were put grouped together and labeled for evaluation at the experimental temperatures.
Experimental procedures
First, sample heating was performed in a furnace with a temperature controller. The maximum design temperature of the furnace is 1000℃, with a control precision of ±1℃. According to the experimental program, the target temperatures were 200℃, 400℃, 500℃, 600℃ and 800℃. The heating rate was set to 2℃/min to minimize thermal shock [13] [14] . Once the sample reached the target temperature, the furnace maintained the target temperature for 2 hours at which time the uniaxial compressive test was conducted to measure the mechanical properties of the sample at the target temperature. Second, uniaxial compression tests were performed with a hydraulic universal testing machine (MTS C64) in the State Key Laboratory of Coal Resources and Safety Mining. Stress control mode was adopted, with a load rate of 0.5 MPa/s. More mudstone samples would be added when the variation of test data was high. Third, subsamples were taken at the corners of the mudstone after the uniaxial compression tests. A hammer and chisel were used to fracture the blocks to minimize postexperiment disruption to the rock. Then, scanning electron microscope (SEM) observations were carried out to view the microstructures using the SIGMA SEM in the Wuxi Graphene Industry Development Demonstration Area Detection Centre. At last, x-ray diffraction (XRD) was also used to detect mineralogical changes after heating at different temperatures. These measurements were carried out in the Advanced Analysis & Computation Center (CUMT).
Results and discussion
Appearance change
Some of the samples after uniaxial compression are shown in fig.1 and fig.2 . These photographs demonstrate the sample failure patterns and color changes after heat treatment and uniaxial compression. fig.2 that the failed samples are more fragmented at 500℃ and 800℃, compared with other temperatures. Meanwhile, these mudstones show significant color changes on the surface as temperature rises. This may be due to chemiacal reaction of minerals, especially the iron-bearing clay minerals [15] [16] [17] . We can see from fig.1 that the color alteration is not obvious before 200℃, but the samples become reddish when the temperature reaches 400℃. As the temperature rises, the red coloration becomes deeper. Apparently, there is new mineral forming at high temperature levels, related to the oxidation of iron. In general, when the temperature reached 400℃, dehydration of ironbearing clay minerals occurs and the structure is disrupted. Fe 2+ and Fe 3+ in the clay minerals are transformed into Fe 2 O 3 , which makes the samples reddish [18] . Many investigations have confirmed this observation. Fig.2 demonstrates the changes in the interior appearance of the samples. The interior of the mudstone is grayish-white with black texture associated with organic matter at temperatures below 200℃. As the temperature rises, the black texture disappears gradually. When the temperature rises to 400℃, the interior becomes slightly black and the intensity of the black becomes progressively deeper with temperature increasing. It reaches its greatest intensity ("black") at around 600℃. The black texture is more likely higher in plant debris. Hence, these are likely kerogenous clays, with mainly type III kerogen. At lower temperatures (about 50℃-120℃), thermal decomposition of the kerogen begins, primarily dehydration. When the temperature reaches about 350℃, the organic functional group of the kerogen decomposes. The decomposition is exhausted at about 520℃ to 620℃ [19] [20] . Before decomposition of the kerogen ends, some new organic byproducts are formed, such as asphalt and liquid hydrocarbon. This organic matter itself, or new condensation polymerization from them, may affect the samples' appearance after cooling to room temperature, as shown in fig.2. Many microscopic pores are found in the SEM images in fig.3c -f, which indicates that the organic matter in the mudstone may produce gas at high temperature above 400℃. It is also observed that clay minerals are like cushion and filling materials in the mudstones. At lower temperatures, e.g. 25℃, the surface of mudstone samples is relatively smooth. However, when the temperature reaches to 200℃, the mudstone starts peeling, as shown in fig.3b -c. At 500℃, the mudstone peels off and becomes clastic. What's more, the samples begin to crack at 600℃, as shown in fig.3e . Above 600℃, huge fractures appear in the mudstones. The whole process is a bit similar to clay soil cracking because of drought.
Microstructure and composition
Microstructural characteristics
Meanwhile, Energy Dispersive X-Ray Spectroscopy (EDX) was also performed to quantify the elements in the samples after testing at 25℃, 200℃, and 600℃. The results are shown in fig.4 
Composition changes
Fig . 5 illustrates the XRD patterns for mudstone samples at different temperatures as determined from the diffraction intensity of X-rays at different detection angles. The mineralogical compositions of the mudstone samples are determined by XRD at 25℃. The major compositions are quartz (large), kaolinite (medium) and elpidite (small). The spectral lines at different temperatures are similar, indicating that the mineralogical composition of the mudstone at these temperatures changes little. It can be found that the height of the characteristic diffraction peaks (2θ=26.619°) of SiO 2 at lower temperatures (25℃, 200℃, 400℃) is greater than that at high temperatures (500℃, 600℃, 800℃). This shows that the quartz in the mudstone has better crystallinity at lower temperatures. A similar phenomenon is found in the characteristic peaks of kaolinite when 2θ=12.359°. This suggests that kaolinite may undergo significant phase changes at high temperatures. In general, the moisture content has a strong influence on the behavior of the clay minerals. When temperature reaches 400℃~500℃, dehydration of the kaolinite begins and the regular crystal structure of the kaolinite is broken. Then, the kaolinite (Al 2 O 3 2SiO 2 2H 2 O) is transformed to be metakaolinite (Al 2 O 3 2SiO 2 ), with an amorphous structure, which leads to the degradation of the kaolinite XRD patterns [21] [22] .
Mechanical properties
Stress-strain characteristics
Fig . 6 indicates the stress-strain characteristics of these mudstones during uniaxial compression. Eighteen curves are presented in fig.6 a-f. There are consolidation stages and elastic stages during uniaxial compression at different temperatures, but the consolidation stage is not obvious at 25℃. With temperature increasing, consolidation becomes more and more apparent. With the stress control loading mode, residual deformation after the peak cannot be clearly observed in the stress-strain curves. 
Peak stress and strain
The variation in peak stress and strain of these mudstone samples as a function of temperature are shown in fig. 7 . It can be seen from fig.7a that the peak stress shows an increasing trend with an increase in ambient temperature, but does not change consistently. There is a substantial and huge increase in strength from 25℃ to 600℃. However, there is a slight decline from 600℃ to 800℃. At 25℃, the peak stress is 14.54 MPa and then increases sharply to 18.92 MPa at 200℃, rising by 30%. From 200℃ to 500℃, the peak strength increases continuously as the temperature rises. The strength at 500℃ reaches 20.87 MPa, an increase of 10.33% compared to the peak stress at 200℃ and by 43.52% relative to the measurement at 25℃. There is a sharp rise from 500℃ to 600℃. The peak stress reaches 29.49 MPa, rising by 41.28% relative to the strength at 500℃ and 102.76% from 25℃. When the temperature is 800℃, the peak stress decreases slightly (by 13.6%), compared with that at 600℃, but still is 75.16% greater than the strength at 25℃. Fig.7b demonstrates the trends peak strain of mudstone at different temperatures. From 25℃ to 200℃, the peak strain declines sharply, decreasing by 33%. However, it increases slowly from 200℃ to 800℃, and the rate of increase from 400 to 600℃ is higher than at the other temperatures. The peak strain at 800℃ increases by 51.5% compared with that at 200℃.
Elastic modulus and deformation modulus
The variation of elastic and deformation modulus with temperature is shown in fig.8 . The deformation modulus is a secant modulus in the curve of stress-strain, equal to peak stress divided by peak strain. From 25℃ to 200℃, both the elastic modulus and the deformation modulus increase sharply, by 122.6% and 97.8%, respectively. This means that the deformation resistance increases rapidly at 200℃ compared with 25℃. However, from 200℃ to 400℃, the increase in rate of elastic modulus (with temperature) slows and the deformation modulus decreases slightly. This indicates that the capacity for deformation resistance reduces as the temperature increases. The elastic modulus and the deformation modulus decline by 8.5% and 7% at 500℃, respectively, compared with the values at 200℃. Both the elastic and deformation moduli increase rapidly from 500℃ to 600℃, by 24.5% and 27.1%, respectively. Above 600℃, both moduli begin to decrease.
Mechanical mechanisms
The main cementing agents in the mudstone are crystalline grains and clay minerals, especially SiO 2 forming the skeleton. The degree to which filling eliminates holes is likely to be incomplete. Fig.9 schematically illustrates mineralogical contact forms in a generic mudstone. When the temperature reaches 200℃, release of water absorbed in sample pores reduces the lubrication among mineralogical grains [23] . The strength of the mudstone consequently increases as the absorbed water evaporates. As the temperature continues to rise, evaporation continues and the rock strength gradually increases. However, when the temperature reaches 400℃, the clay minerals begin to decompose, and the regular crystal structure of those minerals is broken. This has been confirmed by many previous research programs and by the XRD analysis in this paper. Decomposition products gradually fill the holes in the mudstone. This increases the friction among large grains and strengthens the mudstone. At the same time, because of the large concentration of clay minerals in the mudstone, the quartz grains are not close enough to be in intimate contact, and the large crystalline grains are more homogeneous. In addition, the clay minerals serve a buffering function. Therefore, thermal cracking is not dramatic at high temperatures. In contrast, as the temperature rises, the crystalline grains become thicker and larger because of thermal expansion, leading to densification of the larger grains and strength increase; this is the reason for the mudstone to have such a large strength at 600℃. However, when the temperature is above 600℃, dehydration of the clay minerals ends and thermal cracking is gradually enhanced. The skeleton, consisting of the crystalline grains, softens at high temperatures. The capacity of deformation resistance declines gradually, which results in the decreasing of strength.
Overall, the mudstone contains significant amounts of clay minerals and water, which undergo phase changes at elevated temperature. During this period, the composition and structure of a mudstone may change causing variation in the mechanical properties.
Conclusions
Temperature has a significant influence on the physical and mechanical properties of mudstone. The characteristics of mudstone at high temperature are unique because of the clay minerals. The mudstone samples tested showed significant surficial color changes as temperature was increased. This is largely attributed to the iron-bearing clay minerals. Due to thermal decomposition of kerogen intermixed with the clay minerals, the interior of the samples was blackened. The major constituents of the mudstone tested were quartz, kaolinite and elpidite. Kaolinite undergoes significant phase changes at high temperatures. When the temperature reaches 400-500℃, dehydration of the kaolinite begins and the regular crystal structure of kaolinite is broken.
Overall, the strength of these mudstones increased with an increase in ambient temperature. A dramatic increase in strength occurs between 25℃ and ~ 600℃ and a slight decline occurs from 600℃ to 800℃. From 25℃ to 400℃, because of evaporation of absorbed water from the clays, the strength of the mudstone increases gradually. From 400℃ to 600℃, due to the decomposition of kaolinite and the thermal expansion of the crystalline minerals, holes in the mudstone are filled and densification of large grains increases, resulting in an increase in strength. Above 600℃, dehydration of the clay minerals ends and thermal cracking gradually increases, resulting in decreasing strength. 
